Thermoelectric materials with composition of Fe 0:92 Mn 0:08 Si 2:1 + X mass% Cu + Y mass% Al (0 5 X, Y 5 5) were produced by sintering in air, and their thermoelectric properties and structures were examined. The samples showed fairly good thermoelectric properties. Moreover they were covered with an oxidation resistance layer. The samples without addition of Cu and/or Al did not show any effective thermoelectric properties. In the case of copper addition, the thermoelectric power of the copper added sample was approximately 75% of the sample prepared in a vacuum, while the resistivity was drastically increased. The oxidation of the copper added samples was much less than that without copper. In the case of 2 mass% or more aluminum addition, a silicon oxide layer was formed on the surface of the samples. The oxide layer had much more dense and smooth surface, which was confirmed by an optical microscope and a scanning electron microscope (SEM). The samples, which were added both copper and more than 2 mass% aluminum, showed about 80% of thermoelectric power of the samples prepared in a vacuum.
Introduction
In the iron-disilicide system, it is well known that the crystal structure transforms at a certain temperature from a semiconducting -phase (FeSi 2 ), which is stable at low temperatures), to a metallic -phase (Fe 2 Si 5 ) and an "-phase (FeSi), which are stable at high temperatures. A sample with the composition of FeSi 2 is cooled down to the room temperature after sintering, it maintains the high temperature phases, so that a long heat treatment time is necessary to obtain the semiconducting -phase, namely FeSi 2 . 1) In the former examination, it was found that copper addition accelerated the transformation of and " to the -phase. Because the eutectoid reaction of the -phase ( ! þ Si) was effectively accelerated and the transformation time was shortened to produce the -phase. [2] [3] [4] [5] The effects of copper addition on the thermoelectric properties and the heat treatment time for the FeSi 2 sintered compacts were investigated by many researchers.
6) It was recently found that a SiO 2 film was formed between plated copper and sintered body after heat treatment of the copper plated sintered body in air. 7) It is expected that the formation of such a highly oxidation-resistant film may useful for practical production of semiconducting FeSi 2 by sintering in air. Improving thermoelectric properties of FeSi 2 is required because practical iron-disilicides can be produced even from a low purity industrial grade iron and silicon. For practical application, it is necessary not only to improve the thermoelectric properties but also to reduce the production cost. In this work, an attempt is made to perform the cold pressing and sintering without a vacuum pump. In order to reduce the production cost, FeSi 2 sintered bodies were produced in air, and their thermoelectric properties and structure were examined. Firstly, copper added samples were produced in air. After examination of the copper added samples, the samples with various amounts of copper and aluminum were investigated.
Experimental Procedure

Preparation of the samples
A number of p-type samples with the composition of Fe 0:92 Mn 0:08 Si 2:1 + X mass% Cu + Y mass% Al (0 5 X, Y 5 5) were prepared by the following processes: excess silicon was introduced to compensate for the contamination of the iron in the powdering process. The mixtures of Fe 0:92 Mn 0:08 Si 2:1 were added with certain amounts of copper and aluminum to obtain the desired molar ratios, and they were arc-melted in an argon atmosphere. The ingots were crushed into powders. The powders were formed to particles with a diameter of about 180-355 mm by adding 1 mass% polyvinyl alcohol (PVA). They were fabricated into compact bodies under a pressure of 370 MPa by an oil hydraulic press. The compact bodies were roasted at 673 K for 5 h with air blowing to eliminate PVA from them by oxidizing. After that, they were sintered in the temperature range from 1443 to 1473 K for 3 to 6 h in air and the samples were cooled down to the room temperature. For the comparison, samples sintered in the temperature range from 1443 K for 3 h in a vacuum of 0.1 Pa were also prepared. The samples were cut to pieces of 3 mm Â 10 mm Â 1 mm. They were encapsulated in a quartz tube, and were put in a furnace of which temperature was previously kept at 1073 K, which was below the peritectoid temperature for annealing time in air, for 0 to 36 h.
Measurement of the thermoelectric properties and
observation of the structure The surfaces of the sintered material were polished with a sheet of #600 emery paper. The thermo-electromotive forces were measured at the room temperature under temperature differences from 0 to 2 K with a step of 0.2 K between both ends of the longitudinal specimen. The specimen was held between a platinum heater and a copper heat-sink with an indium plate. The temperature and the electromotive force were measured by CC thermocouples contacted to each end of the specimen. A current of AE50 and AE100 mA was applied along the longitudinal direction and the potential difference between two points of 2 mm space was measured to determine the resistivity. The current terminals were formed by soldering a pair of copper wires to both ends of the specimen after plating some solder for ceramics onto the ends.
The phases in the sintered bodies were determined from the X-ray diffraction (XRD) profiles. The compositions of the samples were determined with an X-ray fluorescent analyzer (XRF) by means of the order componential analysis. The microstructures of the sintered bodies were observed by an optical micrometer and a scanning electron microscope. Before the observation, the specimens were fixed by the ordinary resin and were polished with -Al 2 O 3 abrasive slurry of about 1 mm grains.
Results and Discussion
FeSi 2 without addition
The surface and inside of sintered FeSi 2 prepared in air without addition were oxidized and showed brown color, while the samples did not show any shrink, which is commonly observed in the FeSi 2 sintered bodies prepared in a vacuum. The polished surfaces of the sintered bodies did not show metallic luster, and the samples were easily broken by applying force. The strong peaks of silicon and iron oxides were observed, which suggested that FeSi 2 could not be sintered in air without addition.
FeSi 2 added with copper
Figures 1 and 2 show the isothermal annealing curves of thermoelectric properties measured at the room temperature. The samples contained X mass% Cu (0:5 5 X 5 5) and were sintered in air and annealed at 1073 K for 0 to 36 h. The 0.5 mass% Cu added samples sintered in a vacuum are also shown in the figure for reference. In the case of 2 mass% Cu addition, the thermoelectric power was approximately 75% of one of the annealed sample prepared in a vacuum. This increase in the thermoelectric power suggests that the copper addition accelerated the transformation to the -phase by sintering in air.
The resistivity of all the samples was drastically increased than that of the samples prepared in a vacuum. In the case of 3 mass% Cu addition, the resistivity was about 10 times higher than that of the sample made in a vacuum, though the value was smaller than those of other samples prepared in air. In this case, the sintering condition was changed from the still air to the blowing air. It was suggested that the oxidation was promoted and much oxide was formed, and the oxide acted as a protection layer to suppress the successive oxidation inside.
The results of the XRD experiment showed that the peaks of iron oxides were weaker than those of the sample without addition. The fact shows that silicon, which was formed by the -phase decomposition, was preferentially oxidized to suppress the oxidation of iron in the copper added case. Then the silicon oxide film on the surface prevented from further oxidation of the internal part.
FeSi 2 added with aluminum
The result of copper addition suggested that an element which oxidized more easily than silicon is useful to suppress the oxidation of silicon. Aluminum is more easily oxidized than silicon and it has one fewer valence electrons than silicon, then aluminum should be effective for improving the thermoelectric properties FeSi 2 . For this reason, we attempt- ed to add aluminum as well as copper. The sintered samples added with aluminum showed shrinkage, which was not observed in the copper added samples sintered in air. In the case of 2 mass% Al addition particularly, a glossy oxide layer was observed on the sample surface. Figure 3 shows an image of the 5 mass% Al sample with a layer observed by an optical microscope, and Fig. 4 shows 1000 times enlarged image for comparison. Figure 5 shows an enlarged image of the 1 mass% Al added sample without oxide layer for reference. It was confirmed from the result of optical microscope observation that the surface of the sample with the layer was much more dense and smooth than that without the layer. SEM observation was also made to examine the layer as follows.
Although SEM observation was attempted to examine the layer, effective image was not obtained because of very thin layer. Partially formed layers were also observed by the optical microscope as shown in Fig. 3 . The boundary of the sample and the layer in the white frame in Fig. 3 is shown in Fig. 6 by SEM. Observation was performed by tilting in order to observe the border between the sample and layer surfaces clearly. The upper part of Fig. 6 corresponds to the left part of Fig. 3 . There is a border between the parts with and without the layer in the middle part of Fig. 6 . The rough region over the border is the area without the oxide layer. The region under the border is the oxide layer with a dense and smooth surface.
X-ray diffraction profiles were observed by a diffractometer. The similar diffraction profiles were observed on both the surfaces with and without the layer; Four kinds of materials were identified as -Fe 2 Si 5 , "-FeSi, SiO 2 (PDF #39-1425 and PDF #42-1401). As the layer was grown, the 1 mm oxide layer 100 µ µm diffraction intensities from SiO 2 (PDF #39-1425) decreased inside the samples. It may be concluded that the layer suppressed the successive oxidation inside the sample to reduce the diffraction peak intensities from silicon oxides. It was moreover found that the peak intensities from SiO 2 (PDF #39-1425) decreased on the surface of the samples. Assuming that the glassy layer observed by an optical microscope is a glass, X-rays were naturally not diffracted in the layer and reduce the intensities of the diffraction peaks. Figure 7 shows the X-ray diffraction profiles of the inside of the sample with and without copper and aluminum. The reduction of the diffraction peaks of the oxides, SiO 2 and Fe 2 O 3 , was observed in the sample with copper and aluminum addition, while the peaks of iron silicides, -Fe 2 Si 5 and "-FeSi, increased in the sample without addition. Particularly, the strong peaks of the silicon oxide observed at the vicinity of diffraction angle 22 degrees decreased in order of non-addition, copper addition, copper and aluminum addition with the layer formation. Few peaks of iron oxides were observed in case of both copper and aluminum addition.
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Although the layer was formed by adding aluminum, the diffraction profile was not matched with the ICDD-PDF data of any substances including aluminum. To trace the missing aluminum, X-ray fluorescent (XRF) analysis was performed. Similar fluorescence peaks of Fe, Si, Al, Mn, Cu and O were observed from the sample surfaces for all the samples. Comparison of the samples with and without the layer formed, since the difference of the valence and structure cannot be identified from the XRF data. The result is shown in Table 1 .
The horizontal bar (-) denotes ''negligible difference'', and the vertical arrows correspond to the difference of fluorescent intensities: e.g., an upward long arrow denotes a large increase in the fluorescent intensity. For the samples without the layer, the amounts of Fe and Mn contents after sintering were estimated to be larger than those before sintering. For the samples with layers, on the other hand, no change was observed in Mn content and the amount of Fe content was decreased by sintering. This fact suggested that for the samples without the layer, most of Fe and Mn were existed on the sample surface as metal oxides. For the samples with the layer, on the contrary, an increase in Si content was observed after sintering, which fact suggested that the layer formed contained a large amount of Si. The fluorescence peaks of oxygen were identified. Current task of us is to discuss the chemical bonds of Si with O in the layer. It was also confirmed that Al existed in the layer. It is required to identify the chemical bonds of Al in the layer in order to clarify the layer formation mechanism.
For the FeSi 2 sample added with Y mass% Al (Y ¼ 2; 5) that a layer was formed, the observed thermoelectric power was negligible even after annealed at 1073 K for 36 h. It should originate in that the decomposition to the -phase are suppressed by aluminum addition.
8) The observed resistivities of all the samples were larger than those of the sample prepared in a vacuum. In the case of 5 mass% Al addition, the resistivity decreased to a value smaller than those of the sample prepared in a vacuum, while the observed thermoelectric power was negligible, which suggested a metallic behavior with a low resistivity.
FeSi 2 added with copper and aluminum
For the sintered samples added with copper and aluminum, the transformation to the -phase was accelerated, the oxidation of iron was suppressed contraction of the sample was promoted, and the oxidation inside the sample was suppressed. In the case of 2 mass% or more aluminum addition, a glassy layer was successfully formed on the sample surface. Figures 8 and 9 show the isothermal annealing curves of the observed thermoelectric properties of samples sintered in air, where the samples were added with 0.5 mass% Cu + Y mass% Al (Y ¼ 0; 2; 5) and annealed at 1073 K for a duration from 0 to 36 h, and the thermoelectric properties were measured at room temperature. Figures 10 and 11 show the isothermal annealing curves of the observed thermoelectric properties for the samples added with 2 mass% Cu + Y mass% Al (Y ¼ 0; 2; 5), where the other conditions were the same as those of the former case. The data of the 0.5 mass% Cu added sample sintered in a vacuum is also shown in the figures as a reference. In the case of 0.5 mass% Cu + Y mass% Al (Y ¼ 0; 2; 5) addition, the thermoelectric power was still small, and in the case of the 2 mass% Cu + Y mass% Al (Y ¼ 0; 2; 5) addition, the thermoelectric power was fairly good. In the best case of 2 mass% Al addition, the thermoelectric power was equal to about 80% of that of the sample prepared in a vacuum.
The resistivity of the sample sintered in air was smaller than that of the sample sintered in a vacuum in the case of 0.5 mass% Cu + 2 mass% Al addition, but the observed 
(") and (#) mean the difference of fluorescent intensity.
Effect of Aluminum and Copper Addition to the Thermoelectric Properties of FeSi 2 Sintered in the Atmospherethermoelectric power after annealing were negligible. This fact suggests that the low resistivity of this case originates in metallic behavior. In the other cases, the resistivities were several tens or hundreds times greater than that of the sample prepared in a vacuum. In the case of 2 mass% Cu + Y mass% Al (Y ¼ 0; 2; 5) addition, the resistivity of the samples sintered in air was larger than that of the sample sintered in a vacuum, but the resistivity was decreased with increase of aluminum addition which will promote the layer formation. It was also found that the resistivity added with both copper and aluminum was reduced to a tenth of that with copper alone.
Conclusions
FeSi 2 samples with various amounts of copper and aluminum were prepared by sintering in air. Thermoelectric properties were evaluated by conventional method and the structures were estimated by XRD, XRF and optical microscope observation.
For the samples without addition sintered in air, oxidation was observed both on the surface and the inside, and no contraction and no metallic luster were observed. They were easily broken by a moderate external force. The observed Xray diffraction profiles included strong diffraction peaks from iron and silicon oxides, and the thermoelectric power was negligible.
In the case of added with copper alone, thermoelectric power was increased with increasing amount of copper. The best thermoelectric power was about 75% of the sample prepared in a vacuum. X-ray diffraction profile revealed that copper addition suppressed the oxidation of iron. It is concluded that silicon deposited by the decomposition of the -phase was preferably oxidized to suppress the oxidation of iron. Metallic luster was observed on the surface of the sintered body after polishing, but the resistivity was several hundreds or thousands times higher than that of the sample sintered in a vacuum; namely, the sintering in the atmosphere was failed in the case of the sample added with copper alone. In the case of only aluminum addition, the contraction was promoted, and the observed X-ray diffraction profiles showed the reduction of the peaks from metal oxides, which suggested the suppression of the oxidation inside the sample. It was also found that a dense and smooth layer was formed on the sample surface in the case of the samples added with 2 mass% or more aluminum. Thermoelectric power, however, was negligible in this case.
In the case of the samples added with copper and 2 mass% or more aluminum, a synergistic effect was obtained; i.e., the action to promote the decomposition to the -phase by copper compensated the action to suppress the decomposition by aluminum, of which effect yielded fairly good thermoelectric power of about 80% of the samples sintered in a vacuum. The addition of aluminum, moreover, caused to form an oxidation-resistant layer, and the resistivity was reduced to a tenth of that without aluminum.
The formation of oxidation-resistant layer found in our experiment will be a key process to realize the sintering in the atmosphere. Our current task is effective reduction of resistivity as well as optimization of the sintering and layer formation conditions.
